Interfaces at the two-dimensional limit in oxide materials exhibit a rich span of functionality that differs significantly from the bulk behavior. Among such interfaces, domain walls in ferroelectrics draw special attention because they can be moved deterministically with external voltage, while they remain at place after voltage removal, paving the way to novel neuromorphic and low-power data-processing technologies. Ferroic domains arise to release strain, which depends on material thickness, following Kittel's scaling law. Hence, a major hurdle is to reduce the device footprint for a given thickness, i.e., to form and move high-density domain walls. Here, we used transmission electron microscopy to produce domain walls with periodicity as high as 2 nm without the use of contact electrodes, while observing their formation and dynamics in situ in BaTiO3. Large-area coverage of the engineered domain walls was demonstrated. The domain-wall density was found to increase with increasing effective stress, until arriving to a saturation value that reflects 150-fold effective stress enhancement.
Introduction
Ferroelectrics are functional materials with high dielectric constant that are found in everyday technologies, ranging from ultrasound imaging to cellular communication, and energy-efficient memory devices. 1, 2 The basic functional element in ferroelectrics is polarization domains, i.e., region in which all the crystallographic unit cells are distorted collectively, giving rise to correlated dipole moments. The continuous interest in device miniaturization has lately shifted the focus from domains to the domain walls. Not only are ferroic domain walls typically much smaller than the domains themselves, but also these twodimensional structures exhibit enhanced functionality, which is different than the bulk, such as magnetism 3 and superconductivity. 4 A special attention is given to conductivity, [5] [6] [7] mainly because domain walls are mobile and can be formed by external electric field, allowing lowpower non-volatile memory or computing devices. For instance, recent works showed that domain-wall conductivity in LiNbO3 is higher by three to four orders of magnitude than the bulk conductivity, 8, 9 while charged domain walls have been observed also for the seminal ferroelectric BaTiO3. 10 Likewise, combined memory-computing devices (i.e., memristors) have been demonstrated by moving domain walls electrically in lead zirconate titanate (PZT). 11 Competitive low-power data-storage technologies require high density domain walls.
Nevertheless, the domain width ( ), and hence domain-wall density, demonstrate strong dependence on the geometry. The dependence of unperturbed-domain width ( 0 ) on thickness ( ) in ferroics was formulated by Kittel for ferromagnetism and has later been adopted for ferroelastic 12 and ferroelectric 13 materials: 
where is shear modulus, is domain-wall energy and , and are the respective spontaneous strain along the respective pseudo-cubic a and c axes of the ferroelectric perovskite. Following these scaling law, domains with 27-nm periodicity have been observed in relaxed PbTiO3 films with minimal film-substrate lattice mismatch. 14 Likewise, 10-nm periodicity has been observed in polycrystalline PZT films. 15 In these materials, the domains organize in a long-range order of periodic stripes with common alignment, i.e., in the form of bundle domains. 16 Bundle domains can be switched as a whole, 17, 18 allowing collective switching of several domains or several memory cells, simultaneously.
Recent theoretical predictions 19 suggest that substrate-free BaTiO3 can comprise domains as small as ~2 nm. Nevertheless, realization of these predictions is a challenge not only because of the difficulties associated with manipulating such small domains, but also because observing them pushes the capabilities of contemporary microscopy. The most common method for both manipulating and imaging domains, piezoresponse force microscopy (PFM), relies on a conductive electrode that performs a raster scan. 20, 21 Nevertheless, the imaging resolution in PFM is limited to ~1 nm at most, 15 while the resolution for domain writing is worse.
An alternative method to manipulate ferroelectric domains is contact-less, e.g., using an electron beam. Low-energy beams have been used to form and observe domains using scanning or transmission electron microscopy (SEM and TEM, respectively). [22] [23] [24] [25] [26] Moreover, electron microscopy has been used to image in-situ domain-formation dynamics. 27 Nevertheless, lowenergy and low-dose electron beam cannot supply high-resolution imaging, neither highdensity domains. Contrariwise, high-resolution imaging, at the atomic scale, requires much higher doses, 28 and high energy, 29, 30 e.g., by using scanning TEM methods. But these irradiation conditions change the material composition and damage the material. 31 Here, we chose a nonconventional zone axis, at which the domain walls are not edge-on, allowing us to observe domain formation conveniently. We demonstrate the formation and manipulation of correlated domain walls with 2-nm domain periodicity in substrate-free BaTiO3 crystallites.
Experimental 50-nm BaTiO3 crystallites were examined. The particles were suspended in ethanol and sprayed on an amorphous Carbon-Cu grid using high pressure N2. Details regarding sample preparation and complementary characterization can be found elsewhere. 31, 32 The samples were then inserted to a double-corrected Titan Themis G 2 60-300 (FEI / Thermo Fisher) HRTEM with sub-angstrom resolution. All experiments were done using 200 keV acceleration voltage and = 1-1.6 nA monochromated currents for = 300-6500-nm 2 beam diameter, for both imaging, and domain manipulation.
Because we wished to observe domain formation at the nanometer scale, we wanted to maximize the contrast at the domain wall with respect to the domains, while yet being able to observe the unit-cell tetragonality in the domains themselves. We thus chose the {011} zone axis, in which 90° a/c and 180° c+/c-domain walls are tilted and hence have a broad areal footprint in their projection at the observed plane. Figure 1 shows the predicted observation of a 90° domain with [-110]a zone axis. Here, the domain walls are formed diagonally to the beam ( Figure 1A ) and appear as dark and bright fringes that indicate the presence of the spatial interference of the domain walls in the lattice. From this orientation, the domain-wall projection forms fringes at an angle of 54.8° with respect to the pseudo-cubic structure ( Figure 1B ). 
Results and Discussion
Following the scaling law of Equation 1, as well as earlier experimental works, 33 To form domain walls, we exposed the crystallites to a constant current that went through the sample. Hence, increasing the applied dose is proportional to the accumulated exposure A ~54° angle between the domain walls and the pseudocubic orientation that is designated in (C) and (F) corresponds to the expected angle in Figure 1B .
To verify the crystallographic domain analysis, we demonstrated the disappearance of these domains above the Curie temperature as well as characterized the change in lattice parameter in the artificially formed domains. Figure 3A shows the absence of small domains in the pristine crystallite, followed by periodic domain ( Figure 3B ) that were formed by exposing the crystallite to the electron beam for 600 seconds. These domains disappeared completely upon heating the sample above the Curie temperature, as seen in Figure 3D . 32 Figure 3B helped us also verify the formed a and c domains structure in the crystallite, by direct characterization of the tetragonality in the unit cells. Given the predicted projection of an a-c domain wall from the zone axis used in this work ( Figure 1B) , we expect to measure the following across the interference fringe: a few unit cells of pure a domains (i.e., long inter-atomic distance); mixed a-c domains due to the tilt of the domain wall with respect to the beam direction; and pure c domains (i.e., sort inter-atomic distance). Figure 3C shows the interatomic spacing along the [001] direction in the area designated in yellow. This measured interatomicdistance distribution agrees with the above expectation.
The domain formation is a gradual process. That is, the domain periodicity increases with increasing exposure time, so that the domain width can be determined by stopping the excitation at any given time. Figure 3E shows the domain-width evolution with exposure time for several crystallite excitations, while a constant average dosage of 1.5 nA/nm 2 was used. The ferroelastic domain width in the examined crystallites has a saturation minimal size as small as 2 nm (about five unit cells). Irradiating the material when the domains arrive to this saturation value does not change any more the domain periodicity. The existence of such a saturation value indicates that at this value, the domains are in equilibrium. Once formed, the small domains with the 2nm periodicity remained unchanged even if the electron beam did not irradiate the area for a long period of time (e.g., see gap in data acquisition between 5622 and 7685 sec in Figure 3E ).
The data suggest that although the change in periodicity is rather gradual, one can distinguish between three main domain-width sizes: large (~8 nm) intermediate (~4 nm) and saturation (2 nm). This implies that the basic mechanism is likely to be related to domain doubling, 37 while domain-wall mobility may play a role in the gradual change in periodicity. The interaction between an electron beam and the ferroelectric crystal can excite the material in various ways. The electron beam that impinges the ferroelectric gives rise to an electric field that switch the domains. 26 The electric field may affect the domain structure also indirectly, i.e., by inducing stress or strain locally, due to the strong electro-mechanical coupling in these piezoelectric and flexoelectric materials. 15, 38, 39 Because 90° domains arise to release strain they are absent in the case of fully relaxed samples, similarly to the absence of 180° polarization domains when a ferroelectric is short circuited. 40 Hence, formation of 90° domains indicates that the mechanism that induced them involves introduction of stress. The value of this stress is extracted directly from Equation 1 for equilibrium states. That is, the observed 2 nm periodicity corresponds to structures as thin as ~1 nm, much smaller than the 25-nm periodicity that is expected for a 50-nm BaTiO3 crystallite. 19, 34 Hence, we can conclude that the reduction in domain periodicity is due to excess shear stress that was induced by the beam, either directly or indirectly due to, e.g., piezoelectricity and local heating. The enhancement in shear stress is proportional to the squared ratio between the anticipated and observed ( measured ) periodicities (Equation 1): eff / = 0 / measured , i.e., the electronbeam excitation is equivalent to an enhancement of eff = 150 with respect, e.g. to a crystalline film of the same thickness.
Because ferroelastic (non-180°) domains arise to minimize mechanical energy, the existence of a minimal domain width (2 nm) indicates on a maximal stress value that can be released by this domain-periodicity doubling. Therefore, we expect that for times longer than that requires to arrive the saturation value (~3300 sec, which translates into 5.4x10 -6 C for the global charge injection in = 6361 nm 2 ), the ferroelectric material will have a different mechanism to release the excess stress. Such additional strain-releasing mechanism can therefore reduce the global stress, i.e., giving rise to a set of bundle-domains 16 at a scale of ~10 nm, which is greater than the 2-nm a-c periodicity ( Figure 2E ). Using this concept, we wanted to show that the above method of contact-less electron-beam excitation is useful also for forming high-density domains over a much larger scale. Figure 3A shows a crystallite with only a few domain walls (far away from saturation periodicity). Here, the domain walls are perpendicular to the edge of the crystallite as in the above samples (Figure 2 ). Exciting the crystallite with electron beam for 3000 sec. generated high-density domains that covered nearly the entire material ( Figure 3B ), demonstrating scalability of the high-density domain formation. Utilizing domain walls for devices requires controllable domain-wall mobility. Hence, we wished to demonstrate that the high-density domain-wall structures are switchable. Previous PFM studies show that organized periodic domains can be switched when they are excited near the bundle domain wall or the crystallite boundary. 41 Moreover, in crystallites, the favorable energetic organization of striped 90° domains is having the domain walls perpendicular to the geometrical boundary. 42 Thus, walls that are not perpendicular to the crystallite boundary reflect and unfavorable energy state and hence are expected to be switchable. 42 Figure 3B shows a BaTiO3 crystallite that comprises bundles of striped 90° domains that were formed under the electron beam. To switch these domains, we focused the beam at regions, in which the domain walls were not perpendicular to the geometrical boundary (e.g., at the bottom-left region of the crystal). Figure 3C shows that the excitation switched the domains successfully. The 90° domain walls became perpendicular to the excited geometrical boundary after the switching.
Bundle-domain rotation occurred after the domains arrived to their saturation size as well as after that bundle domains are formed. Hence, this rotation can be accounted for as a largescale stress-releasing mechanism that completes the domain doubling. Therefore, the electronbeam irradiation results in a multiscale stress-releasing mechanism, so that small amount of charge injection (between 1.3x10 -7 C and 5.4x10 -6 C for = 6361 nm 2 ) gives rise to domain formation. This process continues until the domains reach a saturation width (2 nm in Figure   3E and Figure 4 ). Increasing the charge injection further (> 5.4x10 -6 C for = 6361 nm 2 ), induces larger-scale domain switching. Hence, the method demonstrated here is useful for systems that require high-density domain walls, systems that rely on domain-rotation engineering, as well as systems that need both of these mechanisms. Schematic of a proposed design for such a switching device is given in Figure 5 . Excitation of domain walls that are not perpendicular to the edge gave rise to domain rotation, so that the domain walls became perpendicular to the edge at the excited area. Further excitation of the same regions does not affect the domain orientation. However, as a result of the rotation, the domain walls became now parallel to a different boundary. Thus, exciting these regions again will switch the domains, giving rise to a reversible-switching process.
Conclusion
It has been demonstrated that domains in the seminal ferroelectric BaTiO3 can be engineered to a size as small as 2 nm. The domain walls are induced by will, Domain formation can be induced even without the use of contact electrodes. The effective enhancement in shear stress that forms these domains was calculated and found to be of a factor of ~150. Higher hierarchy of domain organization in the form of bundle domains have also been illustrated. Given the usage of domain walls in modern data storage and processing devices, these results are promising for high-density data-processing technologies.
We should note that we could not obtain complementary images of the domains and domain walls from angles perpendicular to the zone axis used in the above images. The reason is that such imaging requires good mechanical stabilization of the crystals. However, upon rotation of the sample, the samples move slightly on the grid so that eucentric rotation is impossible.
Therefore, currently, it cannot be determined whether a formed domain wall is charged or uncharged nor can we tell whether the domain wall is accompanied by field closure of vortexlike structures. 43, 44 Likewise, it is impossible to conclude what the domain-wall width, which should be narrower than the domain width, though we believe that previous works show domain-wall width of ~1 nm for such domains (see Figure 2D in Reference). 31 Yet, the existence of a large number of domain walls in various orientations strongly suggests that at least some of them are charged and exhibit high conductivity. Moreover, the long-range correlation of domain walls allows collective switching of a large number of domain walls simultaneously. Finally, the general method that is presented here to design devices that make use of their geometry for obtaining collective domain switching is applicable either with or without dedicated contact electrodes. 
Supplementary information

